Summary We report a direct comparison of receptor activator of nuclear factor kappa B ligand (RANKL) inhibition (RANK-Fc) with bisphosphonate treatment (alendronate, ALN) from infancy through early adulthood in a mouse model of osteogenesis imperfecta. Both ALN and RANK-Fc decreased fracture incidence to the same degree with increases in metaphyseal bone volume via increased number of thinner trabeculae.
Introduction The potential therapeutic benefit of RANKL inhibitors in osteogenesis imperfecta (OI) is under investigation. We report a direct comparison of RANKL inhibition (RANK-Fc) with bisphosphonate treatment (ALN) from infancy through early adulthood in a model of OI, the oim/oim mouse. Methods Two-week-old oim/oim, oim/+, and wildtype (+/+) mice were treated with RANK-Fc 1.5 mg/kg twice per week, ALN 0.21 mg/kg/week or saline (n=12-20 per group) for 12 weeks. Results ALN and RANK-Fc both decreased fracture incidence (9.0±3.0 saline 4.4±2.7 ALN, 4.3±3.0 RANK-Fc fractures per mouse). Serum TRACP-5b activity decreased to 65% after 1 month in all treated mice, but increased sacrifice with RANK-Fc to 130-200% at sacrifice. Metaphyseal density was significantly increased with ALN in +/+ and oim/oim mice (p<0.05) and tended to increase with RANKFc in +/+ mice. No changes in oim/oim femur biomechanical parameters occurred with treatment. Both ALN and RANKFc significantly increased trabecular number (3.73±0.77 1/ mm for oim/oim saline vs 7.93±0.67 ALN and 7.34±1.38 RANK-Fc) and decreased trabecular thickness (0.045 mm± 0.003 for oim/oim saline vs 0.034±0.003 ALN and 0.032± 0.002 RANK-Fc) and separation in all genotypes (0.28± 0.08 mm for oim/oim saline vs 0.12±0.010 ALN and 13± 0.03 RANK-Fc)., with significant increase in bone volume fraction (BVF) with ALN, and a trend towards increased BVF in RANK-Fc. Conclusion Treatment of oim/oim mice with either a bisphosphonate or a RANK-Fc causes similar decreases in fracture incidence with increases in metaphyseal bone volume via increased number of thinner trabeculae.
Introduction
Osteogenesis imperfecta (OI) is a genetic disorder of abnormal bone formation which leads to increased bone fragility. OI's manifestations range from extreme bone fragility leading to perinatal lethality in some cases, dozens of lifetime fractures, and shortened lifespan in others, to a relatively benign condition with few lifetime fractures in mild OI [1] . Currently, moderate and severe cases of OI are treated with bisphosphonates which reduce bone turnover and increase bone density in the affected patients, leading to improvements in bone pain, strength, reduced fractures, and mild improvements in height [2] [3] [4] [5] [6] [7] [8] [9] . Although the bisphosphonates studied to date have been generally helpful in children with OI, some recent studies have shown no decrease in fracture incidence with treatment [10] , and the search for other agents that may be more beneficial continues.
There has been recent interest in a new class of drugs targeting the receptor activator of nuclear factor-κB (RANK) RANKL/RANK/Osteoprotegerin (OPG) pathway in the treatment of osteoporosis and other disorders of excessive bone turnover and low bone mineral density (BMD) [11] . Denosumab, a fully human monoclonal IgG2 anti-RANKL antibody, has been successfully tested in phase III clinical trials and approved by the U.S. Food and Drug Administration for clinical use for the treatment and prevention of osteoporosis in postmenopausal women and in metastatic disease in cancer patients [12, 13] . To date, there have not been any clinical studies evaluating the use of denosumab in the pediatric population, or in OI. Denosumab is primate specific and cannot be tested in most animal models except in knock-in mice expressing murine/human RANK [14] . OPG or soluble RANK-Fc, which have similar mechanisms of action, has been used as surrogates for denosumab in most animal experiments [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
The oim/oim mouse is an established model of moderate to severe OI that contains a naturally occurring mutation leading to deficiency of proα2(I) collagen chains. These mice are characterized by frequent fractures, small size, osteopenia, and bone deformities [28] . Heterozygous oim/+ mice have osteopenia but typically no spontaneous fractures and have been used as a model of mild OI [29] . Homozygous oim/oim mice have been used in a number of studies to evaluate the effect of bisphosphonates [30] [31] [32] and RANKL inhibition in OI [18, 33] . The bisphosphonate alendronate (ALN) has been shown to increase BMD, alter geometric and biomechanical properties of oim/oim bone, and reduce fractures in these mice [30] [31] [32] whereas RANKL inhibition was also found to increase BMD and alter geometric and biomechanical properties [18, 34] but to have no discernible effect on fracture incidence [33] . It was hypothesized that the lack of fracture reduction with RANKL inhibition was due to a relatively late start (6 weeks of age) of treatment and a high baseline number of fractures in the previous study [33, 34] . In the current study, we directly compare bisphosphonate therapy and RANKL inhibition in neonatal oim/oim, oim/+, and wildtype (+/+) mice to assess whether they are equally effective in decreasing fracture incidence and improving bone properties.
Materials and methods

Animals and treatment
All procedures were approved by the IACUC committee of the Hospital for Special Surgery. Homozygous oim/oim, heterozygous oim/+, and wildtype (+/+) control mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). The animals were housed up to six mice per cage (according to genotype and sex) in a light-controlled environment (12-h light-dark cycles). They were given autoclaved water and fed whole and powdered rodent diet mixture (Purina, St. Louis, MO, USA). Starting at 2 weeks of age, mice were randomized by cage into groups of 6-16 and subcutaneously injected with either soluble RANK-Fc (generously provided by Amgen Inc., Thousand Oaks, CA, USA) at 1.5 mg/kg twice a week, ALN 0.21 mg/kg once a week, and saline once a week, or saline twice per week for 12 weeks. Doses of ALN and RANK-Fc were based on results of previous studies that showed increased BMD without sideeffects when the same doses were used [18, 30, 32] . Weaning was carried out at 3 weeks, and animals were weighed weekly. All animals were sacrificed by CO inhalation 1 week after the last injection.
Radiographic analyses
Count
At sacrifice, whole body high-resolution AP radiographs were obtained via Faxitron (Lincolnshire, IL, USA) and fractures in the femora, tibiae, humerii, radii, and individual tail bones were counted by two independent investigators. Given that the majority of fractures seen in oim/oim mice occur in the long bones and in the tail, and the difficulty of assessing vertebral and rib fractures on the faxitrons, only long bone and tail fractures were counted. A fracture was defined based on evidence of a callus or obvious bone deformity.
Bone geometry
Isolated femora were radiographed by Faxitron in the anteriorposterior (AP) and medial-lateral (ML) views at a resolution of 20 linear pixels per millimeter. Each image included an aluminum alloy step density standard for calibration. Femoral length in the AP view was determined as the distance from the tip of the femoral head to the base of the condyles. Endosteal (d e ) and periosteal (d p ) diameters were measured at middiaphysis in the AP and ML radiographic views. Cortical thickness was calculated as 1/2(d p -d e ) and average cortical thickness was derived from the AP and ML views. Radiographic intensity in the metaphyseal region was calculated in the AP view. For this measurement, the average intensity was obtained through a 1-mm 2 box drawn 2 mm from the bottom of the condyles. Each individual image was calibrated using a density standard with intensity units ranging from 1 to 5. All measurements were done using Image J software (NIH, Bethesda, MD, USA).
Biomechanics
One femur from each mouse was used for mechanical testing. Prior to testing of the oim/oim mice, a radiograph was obtained to confirm that the femur utilized for testing contained no fractures or deformities.
From the measured geometry at the mid-diaphysis, the femoral cross-section was assumed to be elliptical. The area moment of inertia was calculated as:
where D ML p and D AP p are the periosteal diameters in the medial-lateral and anterior-posterior views, and D ML e and D AP e are endosteal diameters in the medial-lateral and anterior-posterior view. Three-point bending tests of the femurs were performed as previously described [35] . The femur was positioned on two supports with a span width (L) between supports of 7.0 mm. The central load was applied midway between the supports on the mid-diaphysis and anterior surface at a displacement rate of 0.05 mm/s using a materials test system (ELF3200, Bose Corp, Eden Prairie, MN, USA). Whole bone structural properties determined included maximum load (F max ), structural stiffness (k), and bending stiffness (EI). Structural stiffness was calculated as the slope of the linear ascending portion of the load-displacement curve. Bending stiffness was calculated as:
The material properties obtained were: Young's modulus (E); total strain, brittleness, yield stress (σ y ); and total energy to failure. Stress was calculated as:
where F is force during loading. Strain was calculated as:
where d is displacement during loading. Young's modulus was calculated as the slope of the linear ascending region of the stress-strain curve. By plotting a line parallel to the linear region with a 0.2% strain offset, yield was determined as the intersection point of the offset line with the stress-strain curve. Total strain was determined to be strain at failure, and post-yield strain was strain after yield until failure. Yield strain divided by ultimate strain×100 was calculated and termed "brittleness". Total energy to failure was calculated as the area under the stress-strain curve.
Serum chemistry
Osteoclast (TRACP-5b) activity was evaluated at 4 and 8 weeks after the initiation of treatment in +/+ and oim/+ mice, and in all mice at sacrifice. To evaluate short-versus long-term activity of the RANK-Fc, in seven mice, the 4-and 8-week specimens were obtained 5 h after RANK-Fc administration while in the rest bleeds were done without regard for the timing of the last injection (random). Blood was obtained via retro-orbital bleeds under isoflorane anesthesia in the live mice and by cardiac puncture at sacrifice. Blood was collected into serum separator tubes, centrifuged (speed, time) after 30 min and frozen at −80°. The specimens were analyzed with the TRACP-5b assay (IDS Inc., Fountain Hills, AZ, USA).
Micro CT bone architecture analyses
Microcomputed tomographic analysis (micro CT) was performed on a subset of femora. The femora were scanned at a resolution of 6 μm using a Scanco-35 microCT (Scanco USA, Inc, Southeastern PA, USA). Each scan included a phantom containing air, saline, and a bone reference material (1.18 g/cm 3 ) for conversion of Houndsfield units to mineral density in grams per cubic meter. Reconstruction of the individual projections to computed tomography volume data was performed using instrument software. Specimenspecific thresholds were determined by first selecting a volume of interest, generating the attenuation histogram, and determining the threshold that segments mineralized tissue from background. Analyses of the reconstructed scans were also performed using instrument software. Properties determined included trabecular and cortical bone mineral density (BMD), cortical diameter, trabecular number, trabecular and cortical thickness, trabecular separation, bone surface to bone volume ratio (BS/BV), and bone volume fraction (bone volume to total volume ratio, BVF) [36] .
Histology
Selected femora for histology were fixed in 90% formalin and decalcified in 10% EDTA (pH 7.2-7.4) for approximately 2 weeks. Tissues were embedded in paraffin, sectioned at 7-μm thickness along the coronal plate from anterior to posterior and stained with Hematoxylin and Eosin, Alcian blue for calcified cartilage visualization, and TRAP for osteoclasts [37] .
Statistics
Statistical analyses were performed with SigmaStat software (SPSS, Chicago, IL, USA). Means and standard deviations were calculated for each measured parameter. Two-way ANOVA was performed to test for the simultaneous effects of genotype and treatment on the outcome variables. Bonferroni post-hoc tests were performed for comparison of groups with values significant at p<0.05. Values were considered significantly different at p<0.05 and tending towards significance at p<0.08>0.05.
Results
Body weight
The +/+ and the oim/+ mice weighed significantly more than oim/oim mice at 2 weeks of age. There were no significant differences in weight gain among the saline, ALN, or RANK-Fc groups for any genotype for the duration of the study (data not shown). However, at sacrifice (∼15 weeks of age), the saline and ALN oim/oim mice, but not the RANK-Fc oim/oim mice, weighed significantly less than the +/+ or oim/+ mice (Fig. 1) .
Radiographic results
As expected, there were no fractures in any +/+ or oim/+ mice with or without treatment. In the oim/oim mice, the number of fractures was significantly decreased to the same degree with both ALN and RANK-Fc treatment; the saline group sustained 9.0±3.0 fractures per mouse, and the ALN and RANK-Fc treated mice had 4.4±2.7 and 4.3±3.0 fractures per mouse respectively (Fig. 2 ). There were no differences in the type and location of fractures in the mice that received RANK-Fc, ALN, or saline (data not shown). Serum TRACP-5b analysis There was no difference in TRACP-5b values in mice whose blood was drawn 5 h after injection versus those whose blood was drawn at random timepoints at either 1 or 2 months after the start of treatment. After 1 month of treatment, TRACP-5b levels were significantly reduced in +/+ and oim/+ mice treated with RANK-Fc compared to +/+ mice treated with saline ( Fig. 3a) . At sacrifice (1 week after the last treatment), oim/+ and oim/oim mice treated with RANK-Fc had significantly higher TRACP-5b levels than those who were treated with either saline or ALN (Fig. 3b) . In addition, oim/ oim mice treated with RANK-Fc had higher TRACP-5b levels than +/+ mice treated with the same agent, and ALNtreated oim/oim mice had significantly higher values than ALN treated +/+ or oim/+ mice (Fig. 3b) .
Histology
Oim/oim mice had thin cortices, fewer than normal thin trabeculae in the metaphysis, and increased osteocytic density compared to +/+ mice (Fig. 4 G1) . Oim/+ mice had histologic features that were not appreciably different from those of +/+ animals (Fig. 4 D1) . TRAP staining did not appear to be diminished with treatment for any genotype (Fig. 4 A2-I2 ). ALN treatment led to a retention of primary spongiosa for up to one third of the length of the diaphysis and fusiform derformity in all genotypes (Fig. 4 B1, E1 , and H1). RANKFc treatment also caused retention of primary spongiosa for approximately one half of the length of the diaphysis, and caused a more pronounced fusiform deformity (Fig. 4 C1,  F1 , and I1). Tissue density and bone geometry Saline-treated oim/oim femurs were shorter than saline treated +/+ and oim/+ femurs, and ALN-treated oim/oim femurs were shorter than ALN-treated +/+ femurs (Table 1) . Metaphyseal and cortical densities were greater in +/+ compared to oim/oim femurs for all treatment groups. Metaphyseal density significantly increased with ALN treatment in +/+ and oim/oim mice while it tended to increase with RANK-Fc treatment in +/+ animals ( Table 1) .
Biomechanics
Maximum load, stiffness and Young's modulus were greater in +/+ and oim/+ animals compared to oim/oim mice with all three treatments ( Table 2 ). Brittleness was greater in oim/ oim mice that received saline and ALN compared to +/+ and oim/+ animals, and in saline-treated oim/+ mice compared to +/+ controls. RANK-Fc treatment also increased brittleness in oim/+ compared to those treated with saline or ALN. Finally, energy to failure was lower in oim/oim than +/+ in all treatment groups (Table 2) .
MicroCT bone architecture parameters
Trabecular bone
BVF was lower in oim/oim compared to +/+ and oim/+ femurs within all treatment groups (Table 3) . Trabecular architecture also differed, with oim/oim mice having thinner trabeculae relative to +/+ mice with all treatments (Fig. 5 , Table 3 ). ALN and RANK-Fc treatment increased BVF and trabecular number, and decreased trabecular thickness and trabecular separation, for most genotypes (Fig. 5, Table 3 ). However, RANK-Fc treatment resulted in oim/oim mice having fewer trabeculae (trabecular number) compared to +/+ and oim/+ mice treated with RANK-Fc (Table 3) .
Cortical bone
There were no significant differences in BMD among the genotypes within any of the treatment groups. Oim/oim saline and ALN-treated mice had thinner cortices compared to saline and ALN-treated +/+ and oim/+ mice (Table 3) .
Discussion
This study demonstrates that treatment of a mouse model of OI from infancy through early adulthood (∼15 weeks of age) with either a bisphosphonate (ALN) or with a RANKL inhibitor (RANK-Fc) cause similar decreases in fracture incidence, from 9 fractures per mouse in untreated animals to 4 in both treatment groups, with minimally distinct biochemical, histologic, geometric, architectural, and biomechanical changes in the bone in the two treatment groups. In both treatment groups, however, an increase in metaphyseal bone volume via increased number of thinner trabeculae is apparent. RANK-Fc treatment was effective in decreasing fracture incidence even though TRACP-5b levels, a surrogate for osteoclast activity, were not suppressed to the degree typical for RANKL inhibition, to approximately 75% of baseline [38] . In the mice in the current study, after 4 weeks of treatment, TRACP-5b values were decreased to 65%, while at 15 weeks of age (1 week after the last injection), TRACP5b values were actually 130-200% higher than in salinetreated mice. This suggests the possibility of an immune response that may have inactivated RANK-Fc in the mice, but unfortunately, we did not measure antibodies to RANKFc. Thus it is not absolutely clear whether the bone changes and fracture reduction seen with RANK-Fc treatment were the result of its effects in the first few weeks of treatment, whether RANK-Fc acted only immediately after injection, or whether RANK-Fc continued to be effective throughout the greater part of the study. In a subset of mice, TRACP-5b levels assessed 5 h after RANK-Fc injection were not different from TRACP-5b levels assessed at random time points, data that supports an immune response, as opposed to activity in a short timeframe post-injection. The fact that histological evidence of TRAP staining was not different among all three genotypes and treatment groups also implies that osteoclasts were not eliminated or diminished by RANK-Fc treatment and supports the serum TRAP-5b findings. In spite of the possible immune response, at the end of the study, the weights of the RANK-Fc treated oim/ oim mice were statistically equivalent to those of the +/+ mice treated with RANK-Fc, and increased metaphyseal mineralization occurred in all treatment groups. The increased body weight in RANK-Fc treated oim/oim mice could possibly be attributed to increased bone mass and commensurate increases in associated soft tissues and muscle mass, although these features was not directly measured.
Similar to previous studies in bisphosphonate-treated oim/oim mice [30] [31] [32] , in the current study, fracture reduction was achieved in both treatment groups in conjunction with changes in bone density and geometry. Here, ALN treatment increased metaphyseal density in +/+ and oim/oim bones as it did in the previous studies [30] [31] [32] . However, no significant changes in biomechanical parameters were noted with ALN treatment in our current study while previously, when treatment started at a later age, structural stiffness and failure load were increased in ALNtreated +/+ bone, and structural stiffness increased in oim/ oim bone [32] . RANK-Fc treatment increased energy to failure in the +/+ mice and increased brittleness in oim/+ mice compared to either their saline and ALN treated counterparts. The increase in brittleness in oim/+ bone can be viewed as a negative consequence of RANK-Fc treatment in mice that normally do not have brittle bone, and likely arises from hypermineralization of the cortical bone. A study of RANKL inhibition in 6-week-old oim/oim mice previously carried out by our group showed some changes in bone properties but no reduction in fracture incidence [33] . In that study, RANK-Fc treatment significantly increased metaphyseal density of +/+ and oim/oim bone [33] while in the present study it only tended to increase in the +/+ animals. The discrepancies among the biomechanical and geometric results of the different studies involving similar but not identical experimental design suggest that the detection of changes in specific bone parameters may require increased numbers, in particular when comparing more than one treatment regime. Nonetheless, the results of the current study implies equivalence of RANK-FC and ALN treatment and indicate that, as discussed below, fracture reduction occurs with slight but clinically significant modifications in the bone architecture.
Unlike the previous studies, the current one includes a three dimensional analysis of bone architecture parameters by micro CT, in addition to the other methods. This analysis revealed the geometric features that underlie the increased BVF that occurred with ALN and RANK-Fc treatment; namely, we can now see that an increase in trabecular number is the primary contributor to the increased trabecular BMD. Interestingly, our study demonstrated decreased trabecular thickness with both ALN and RANKFc whereas previous studies in adult rats and humans showed no significant change in trabecular thickness with bisphosphonate treatement [39, 40] . A study on ALN in 6-week-old mice showed an increase in trabecular thickness in the +/+ and no change in oim/oim mice [35] ; however, that earlier study evaluated the average trabecular thickness throughout the entire longitudinal bone section, whereas we evaluated trabecular thickness in one consistently defined area in the cross-section of the metaphyseal bone. It is possible that the decrease in thickness that we observed in the current study was due to the treated mice having retained primary spongiosa in the cross-sectional area, which is generally comprised of thinner trabeculae compared to secondary spongiosa, whereas in control mice secondary spongiosa was present [41, 42] . This study demonstrates similar bone property changes and fracture reduction with ALN and RANK-Fc treatment. Although there were some subtle differences between the two treatments, one did not appear to be superior to the other. Complete inhibition of osteoclasts was not achieved with RANK-Fc, and based on another study, is likely undesirable in young rapidly growing animals [34] during the time when bone remodeling is essential for normal growth. The rate of growth in mammals slows as they age, with the highest rates prior to birth and decreasing rates all through childhood, until growth ceases entirely when growth plates fuse [43] . Bone remodeling, a process in which osteoclasts are essential, is very active during the periods of rapid growth [43] . Finding an optimal dose of denosumab that would be beneficial but not excessive in pediatrics is the challenge that must be achieved clinically. Bisphosphonates have the disadvantage of persisting in the bone for decades [44] as well as other side-effects [45] , but have been used successfully in the OI population for over a decade [4] . Denosumab is a newer, more expensive treatment option [46] , but may be attractive to some families and clinicians as it is not deposited in the bone matrix. Based on the findings in the current study, RANKL inhibition is a possibility for reducing fracture incidence and increasing bone density in young children with OI, but clearly, studies to optimize the dose and the age of onset of therapy in the pediatric population should be pursued.
